In-cell protein stability is increased by crowding, but can be reduced by destabilizing surface interactions. Will different denaturation techniques yield similar trends? Here, we apply pressure and thermal denaturation to green fluorescent protein/ReAsH-labeled yeast phosphoglycerate kinase (PGK) in Escherichia coli cells. Pressure denaturation is more two state-like in E. coli than in vitro, stabilizing the native state. Thermal denaturation destabilizes PGK in E. coli, unlike in mammalian cells. Results in wild-type MG1655 strain are corroborated in pressure-resistant J1 strain, where PGK is less prone to aggregation. Thus, destabilizing surface interactions overcome stabilizing crowding in the E. coli cytoplasm under thermal denaturation, but not under pressure denaturation.
In vitro experiments have painted a rich protein folding landscape [1] . Perhaps the most valuable lesson learned is that globular protein folding reactions are fast (10 À3 to 10 3 s) and yield a product that is marginally stable (K eq from 1 to 10 5 ) compared to most chemical reactions at room temperature [2] . Low folding barriers and low stability make proteins highly responsive to their environment.
The cytoplasm is filled with tRNA, proteins, osmolytes, carbohydrates, and membrane-bound or membrane-less organelles, to name just a few constituents [3, 4] . We can loosely distinguish two generic effects on protein stability. Crowding reduces the available solution volume, and will generally stabilize the more compact folded state [5, 6] . Cytoplasmic sticking results from nonspecific electrostatic or hydrophobic surface interactions [7] that can stabilize the unfolded state when it exposes salt bridges or hydrophobic residues. In contrast, quinary interactions involve transient complex formation that has evolved for function [8] ; they are weaker and more transient than quaternary interactions, which form stable protein complexes.
However, not all proteins are equally adapted to all cytoplasms: We recently showed that the bacterial cellsurface protein VlsE is slightly destabilized in eukaryotic cells, whereas the eukaryotic protein phosphoglycerate kinase (PGK) is slightly stabilized [9, 10] . Conversely, Oliveberg and coworkers recently showed by in-cell NMR that the bacterial TTHA protein does not stick to the bacterial cytoplasm, whereas the human homolog HAH1 sticks [11] . Moreover, they were able to 'evolve' the human protein by a surfaceAbbreviations DASA, dynamically accessible surface area; EDTA, ethylene diamine tetraacetic acid; FRET, F€ orster resonance energy transfer; GFP, green fluorescent protein; IPTG, isopropyl thiogalactopyranoside; LB-Amp, Luria broth with ampicillin; LB, Luria broth; PBS, phosphate-buffered saline; PGK, phsphoglycerate kinase; ReAsH, red arsenical hairpin binder; rpm, rotations per minute; SASA, rigid solvent accessible surface area; TCEP, tris-(2-carboxyethyl) phosphine; tRNA, transfer ribonucleic acid; VlsE, variable length sequence, expressed. charge mutation to also not stick in the bacterial cells, and pointed out that DASA (dynamically accessible surface area) can be larger than SASA (the rigid solvent accessible surface area).
The effects of crowding and sticking on protein stability can be difficult to disentangle in a medium as complex as the cytoplasm. We hypothesize that crowding and sticking can be differentiated by using different denaturation methods. For example, sufficiently high pressure or temperature both will unfold proteins, but they affect how a protein interacts with the cytoplasm differently. Higher pressure decreases the available free volume because water is about five times more compressible than proteins (K H2O % 45 9 10 À6 atm compared to j protein < 9 9 10 À6 atm) [12] . Also, pressure is known to reduce large amplitude fluctuations of proteins [13] , thus reducing DASA of proteins. Thus, high pressure should enhance crowding and reduce stickiness of the cytoplasm, destabilizing proteins less in-cell than in vitro. In contrast, higher temperature slightly increases the available free volume (a H2O % 3 9 10 À4 K À1 vs. a protein % 1 9 10 À4 K À1 ) [14] and more importantly, increases the strength of the hydrophobic effect and thermal fluctuations that can expose hydrophobic patches [15] . Thus, elevated temperature should counteract the stabilizing effect of in-cell crowding and enhance cytoplasmic sticking.
Here, we test this hypothesis by comparing the stability of a F€ orster resonance energy transfer (FRET)-labeled construct of yeast phosphoglycerate kinase (PGK) in E. coli cells under both pressure and temperature denaturation. We measure denaturation in-cell and for reference in vitro, using wild-type (MG1655) and pressure-resistant (J1) cell lines [16, 17] . We find that PGK is more stable by pressure denaturation but less stable by temperature denaturation in E. coli than in vitro, supporting our hypothesis. Interestingly, in E. coli pressure adaptation is easier to achieve by directed evolution than temperature adaptation [18] .
In contrast, yeast PGK is known to be stabilized slightly in mammalian U-2 OS cells relative to in vitro by temperature denaturation [19] , so stabilization by crowding overcomes destabilization by sticking in U-2 OS cells. Yeast PGK more closely resembles mammalian PGK than bacterial PGK in amino acid sequence, and may be better adapted to the mammalian cytoplasm.
Many types of cells are subject to variations in temperature, pressure (osmotic or hydrostatic), pH, and solute concentrations. All of these effects together can alter protein stability, and could be used by the cells to control its proteome's stability and biological function in more subtle ways than just protein synthesis, posttranslational modification, and degradation [7] .
Experimental procedures

In vivo ReAsH labeling
We found that AcGFP1/mCherry-labeled PGK does not express well in wild-type MG1655 E. coli cells, although it expresses well in mammalian cells [20] . In contrast, AcGFP1-labeled PGK with a tetracysteine (tc) tag expressed well in MG1655 E. coli cells, presumably due to its smaller size. In addition to being smaller, ReAsH is also not fluorescent unless it is bound to the tc tag, reducing the background red fluorescence in cells.
The pressure-resistant J1 strain was obtained from Dr. Samantha Miller at the University of Aberdeen, UK. The in vivo labeling was performed based on a modified protocol described in [21] . MG1655 and J1 cell lines were transformed with a pPD 16.43 plasmid containing a destabilized mutant of yeast PGK 1-415 (Y122W/W308F/W333F) [19] , and selected using ampicillin Luria broth (LB) plates. A single colony was inoculated into a falcon tube containing 2 mL LB with 1 lgÁmL À1 of ampicillin (LB-Amp). The cells were grown until cloudy (5-7 h) and then diluted 1 : 100 into a second falcon tube containing LB-Amp. The cells were grown until they reached an OD between 0.5 and 0.7 (at k = 600 nm). The bottom of the tube was buried in ice, and lysozyme solution (from Sigma L6876, St. Louis, MO, USA) was added to the culture in the tube for a final lysozyme concentration of 50 lgÁmL À1 . The tube was incubated 10 min on ice after which the cells were transferred into round bottom microcentrifuge tubes. These tubes were centrifuged at 10 000 g for 10 min and the cell pellets were subsequently suspended in LB. The cells were spun a second time under the same conditions but suspended in LBAmp. The resuspended cells were transferred to perforated round bottom centrifuge tubes. For the labeled cells, 2 mM ReAsH was added at 1 lL ReAsH/100 lL cells. A second tube containing cells that did not have ReAsH added was used as a negative control. The tubes were incubated in a cell-shaker at 37°C/200 rpm. At an OD > 1 (at k = 600 nm), the cells were induced using 100 mM isopropyl thiogalactopyranoside (IPTG) at 0.5 lL IPTG per 100 lL cells. To perform spectroscopic measurements, cells were spun down at 10 000 g for 10 min after 13-14 h of induction and washed using ice-cold PBS buffer (wash and centrifuge repeated 29) and later diluted 1 : 5 using cold PBS buffer pH = 7.
Successful labeling with ReAsH and energy transfer yielded a peak at 608 nm. The in vitro ReAsH value at 608 nm was about 20% the size of the green fluorescent protein (GFP) value at 520 nm whereas the J1 and MG ReAsH peak height was about 10% that of the GFP shoulder at 520 nm (see Fig. S1 ). The size of the ReAsH peak relative to the GFP signal was similar between the J1 and MG1655 spectra. We observed that J1 cells labeling success rate was higher compared to the MG1655.
In vitro protein purification and ReAsH labeling
AcGFP1/ReAsH-labeled PGK for in vitro studies was made as described in Ref. [19] . PGK tagged with AcGFP1 at the N terminus and tc at the C terminus (GPGKtc) was expressed and purified from BL-21 (DE3) Codon Plus cells transformed using 100 ng of plasmid by a heat shock-based procedure. Transformed cells were selected by plating onto ampicillin LB plates and incubating overnight. A single colony was selected to inoculate 35 mL of LB containing 1 lgÁmL À1 of ampicillin. Approximately 16 h later, 6 mL of the culture was diluted into 1 L of LB containing 1 lgÁmL À1 of ampicillin. The cells were grown until an OD % 1 (k = 600 nm), at which point 1 mL of 1 M IPTG was added to induce them, and they were allowed to induce for 12-14 h at 20°C. Afterward, the cells were pelleted, resuspended using 20 mL lysis buffer (300 mM NaCl, 50 mM Na 2 HPO 4 , pH 8, 5 mM BME in Millipore Q water) per 500 mL of cells. The resuspended cells were lysed using sonication and the lysate was filtered through 0.22 lm filters. The filtrate was then purified into fractions by FPLC (Akta pure 25L) using a 5 mL His-trap column, 500 mM imidazole as elution buffer, and the lysis buffer. Appropriate fractions were selected by gel electrophoresis, combined, and then dialyzed in a cold room using 10 K MWCO tubing in 10 mM Na 2 HPO 4 with 5 mM BME, which was replaced twice using 10 mM Na 2 HPO 4 after 6 h. After the final dialysis, the contents were filtered through a 0.22 lM filter and aliquoted. Glycerol has been shown to stabilize protein under high pressure [22] , thus the aliquots were not diluted into glycerol and were instead stored at 4°C and used within 1-2 weeks of the purification. Labeling was conducted at 59 ReAsH excess (final concentration of 5 lM protein and 25 lM ReAsH). The concentrated protein stock was diluted in degassed pH 7 saline phosphate buffer with 250 lM 2,3-dimercapto-1-propanol supplemented with 7.5 mM TCEP and 2.5 mM EDTA (Invitrogen BAL buffer, Carlsbad, CA, USA), to obtain a protein concentration of 5 lM. The diluted sample was incubated at room temperature for 2 h. Labeling was started by addition of ReAsH to the reaction mixture and allowed to incubate for 2 h while covered by Al foil at room temperature. After labeling, excess ReAsH was removed by filtration (30K Amicon filter). The flowthrough was checked for a ReAsH UV-Vis absorbance peak at approximately 600 nm using a Shimadzu UV-1800 Spectrophotometer. The concentrate was resuspended to the original volume using the BAL buffer. Labeling was confirmed by MALDI mass spectrometry.
Measuring thermal and pressure denaturation
Temperature and pressure denaturation of PGK was measured by directly exciting the AcGFP1 in GPGKtc at 475 nm and monitoring the FRET between AcGFP1 donor and ReAsH acceptor (Fig. S1 ). All fluorescence spectra were recorded using a JASCO fluorescence spectrophotometer (FP-8300) with excitation and emission slit widths kept at 5 nm. FRET measurements of PGK stability were conducted by excitation at 475 nm and collecting emission from 505-700 nm (Fig. S2) .
Pressure unfolding measurements used a rectangular quartz cuvette with a path length of~4 mm. The cuvette was covered by a cap (made from 1/4″ Teflon tubing) that facilitated pressure transduction. The cuvette was placed inside a pressure cell (ISS). Pressure measurements were done in increments of 100 bar (ca. 10 MPa) from 1 to 1700 bar. Each 100 bar step took a minute. The system was then allowed to equilibrate for 5 min and 30 s after reaching the set-point pressure before starting a measurement. Pressure was ramped by an automated pressure generator (HUB 440 by Pressure Biosciences), which is capable of generating up to 4000 bar. The pressure was maintained at each set point using an inbuilt PID with an accuracy of 5-10 bar. A sample of fluorescence spectra in vitro is shown in Fig. S2 .
Temperature measurements were performed in 1 mL JASCO quartz cuvettes. The temperature was incremented in 3°C steps in intervals of 3°C from 15 to 51°C in vivo and 15 to 57°C in vitro, using a programmable temperature control accessory (JASCO). The temperature was incremented over the course of a minute and equilibrated for five minutes before starting a measurement.
The reported donor/acceptor (D/A) ratio was calculated by dividing the integrated intensity from 520-550 nm for the green channel (donor, D) by the integrated intensity from 593-611 nm for the red channel (acceptor, A). The same integration intervals for D and A were used in all experiments. For each melt, D/A values were normalized according to Eqn (1) , where DA represents a given value of the ratio D/A. DA(X 0 ) refers to the initial DA value. DA max and DA min represent the maximum and minimum DA values in the melt.
Denaturation signals DA norm (X), where X = T or P, were fitted to a two-state model [23] :
Here DG is the free energy difference between the two states G Folded -G Unfolded, S U = y U + m U X and S F = y F + b F X are unfolded and folded linear signal baselines. Fits were done separately for thermal and pressure denaturation in order to obtain the denaturation midpoints with respect to temperature (T m ) and pressure (P m ).
In the case of aggregation, only the points prior to the onset of aggregation were used for fitting and a constant unfolded baseline of slope 0 was assumed consistently. It was noted that both temperature and pressure denaturation inside the bacterial cells were irreversible as the protein aggregated at high temperature and pressure.
Pressure cycling of MG1655 cells to study colony morphology MG1655 cells were subjected to a rapid increase in pressure from 1 to 1900 bar in increments of 100 bar over a minute with a 3-min hold at each pressure to prevent the cuvette from shattering. Pressure was released at 100 barÁmin À1 with no holds. One hundred microliter of the cell solution in the cuvette was diluted into a falcon tube containing 2.5 mL LB-Amp. The tube was placed into a shaker at 37°C and 200 rpm, and the surviving cells were allowed to grow. These cells were designated as C1 cells, for originating from the cells that survived one pressure cycle. The C1 cells were then later subjected to the same pressure ramp and subsequently grow up described previously to create C2 cells and finally C3 cells. For each stage of growth, the cells were plated on LBAmp plates to observe their colony morphology after 48 h in the incubator at 37°C.
Result and Discussion
Stability of PGK against pressure denaturation in two different E. coli strains
The unfolded state of proteins has a slightly smaller molar volume than the folded state, due to the presence of cavities in the folded state [24] [25] [26] . Thus, proteins generally unfold under pressure. Yeast PGK was expressed in MG1655 E. coli cells, with the GFP AcGFP1 as FRET donor at the N terminus. The C terminus was then labeled in situ with ReAsH to a tetracysteine tag, as previously done for thermal denaturation experiments in mammalian U-2 OS cells [19] . The donor/acceptor fluorescence intensity ratio D/A was measured as a function of pressure. As PGK unfolds, AcGFP1 and ReAsH become more separated, the donor fluorescence increases while the acceptor fluorescence decreases, and D/A will increase. Figure 1A shows the resultant pressure denaturation curves for four batches of cells. All batches exhibit a cooperative denaturation curve with a midpoint P m between 730 and 1000 bar ( Table 1 ). The average was 890 bar with a standard deviation r P = 118 bar. The data in Fig. 1A were only fitted up to the pressure with the largest value of D/A. Two of the four traces leveled off to a constant denatured state baseline, but two other traces showed a turnover (drop) of D/A at pressures between 1200 and 1700 bar. We hypothesize that the drop of D/A is due to aggregation of PGK inside MG1655 E. coli cells as cells become stressed. When unfolded PGK molecules aggregate, AcGFP1 donors and ReAsH acceptors on different proteins come into proximity, reducing D/A.
To test this hypothesis and obtain a more reliable value for in an E. coli cytoplasm, we investigated unfolding in the E. coli J1 strain. The J1 strain was previously isolated from human gut and found to be highly pressure-resistant compared to wild-type; it may have originated from bacteria that were selected by pressure-sterilization of food [27] . Figure 1B shows pressure denaturation curves for eight batches of J1 cells. Only a single batch showed a significant decrease of the D/A ratio, supporting our hypothesis. The fitted P m values ranged from 780 to 1230 bar, with an average = 970 and a standard deviation r P = 138 bar, which is significantly larger in J1 cells than in MG1655 cells, and we believe the value of 970 bar reflects the true average melting pressure of fluorescent-labeled yeast PGK in the E. coli cytoplasm. The reason is that aggregation in Fig. 1A leads to a premature turnover of the MG1655 denaturation curves, and thus an apparent lower P m value.
The native state of PGK is stabilized in J1 cells against pressure denaturation
How does the value of P m in J1 cells compare to in vitro? To put this question in context, thermal denaturation measurements of PGK previously found the protein to be slightly (~2-6°C) more stable in various cell compartments of the eukaryotic U-2 OS cells, compared to in vitro [28] . In contrast, FlAsHlabeled CRAB protein was found to be less stable by urea denaturation (~À0.8 M) in E. coli cells than in vitro [21] and the extracellular protein VlSE was found to be less stable (~À2°C) in U-2 OS cells than in vitro [9] . Likewise, human HAH1 was found to stick more in the E. coli cytoplasm than its bacterial homolog TTHA, which was attributed to the surface electrostatic interactions [11] . Figure 2 shows a representative J1 D/A pressure denaturation trace (P m = 970 bar) compared to the in vitro trace, which had an average = 760 AE 50 bar ( Table 1 ). The two denaturation curves are relatively similar up to 1000 bar, where the in vitro curve bends over and has a denatured state baseline with a steep positive slope. Thus, the fitted is much lower in vitro than in J1 cells. We hypothesized that the steep in vitro baseline above 1000 bar is due to destabilization of the native state, leading to formation of a partially denatured intermediate, that then denatures gradually between 1000 and 1700 bar.
To test this hypothesis, we measured the denaturation curve of label-free PGK in vitro via tryptophan fluorescence (Fig. S3) . Our Y122W/W308F/W333F mutant primarily monitors the N-terminal domain, but clearly shows an early transition (~1000 bar) followed by a second transition (~1700 bar). The baseline of the first transition combined with the second transition produces a steep effective baseline, similar to Fig. 2 between 1000 and 1700 bar. Table 1 . Pressure-induced unfolding parameters from Eqn (2b) for AcGFP1/ReAsH-labeled PGK in vivo and in vitro. The uncertainties shown are based on the average of all fits. In the case of aggregation, the unfolded baseline was assumed to be constant at the highest value of D/A, prior to the drop in D/A due to aggregation. This is a lower limit to the actual baseline. (Table 1) . (A) The pressure stability of FRET-PGK monitored in MG1655 (blue curves) shows onset of aggregation at much lower pressure than the J1 strain (B). Significant batch-to-batch variation is seen in the unfolding curves (red) of the J1 strain obtained in different melts. T % 23°C.
Our interpretation of the in-cell and in vitro results is that in aqueous media, our FRET-labeled yeast PGK Y122W/W308F/W333F denatures in two steps (≥ 3-state folder) with the first step at 760 AE 50 bar and the second step a more gradual unfolding between 1000 and 1700 bar, whereas in J1 cells a more cooperative single transition averaging 970 AE 50 bar is obtained. In-cell crowding could be stabilizing the native state of PGK against a less compact intermediate or unfolded state because PGK is more stable against pressure denaturation in bacterial cells than in vitro.
E. coli and mammalian cells appear to have opposite effects on thermal denaturation of PGK
Previous measurements demonstrated increased stability in-cell upon thermal denaturation of our construct [19] , by about 2-3°C over in vitro. However, previous measurements were carried out in mammalian U-2 OS cells, and studies have already shown that different cytoplasm or different organelles present different types of folding environments to proteins [12, 13] . Thus, the hypothesis from the introduction, that thermal denaturation will be more destabilizing relative to pressure denaturation because the former increases sticking whereas the latter increases crowding, may still hold.
To test this hypothesis, we compared thermal melts of our ReAsH-labeled construct in J1 cells and in vitro, as shown in Fig. 3 . Fitting parameters for the different measurements are listed in Table S1 . The average in MG1655 was 39.2°C, lower than the average = 40.8°C in J1 cells, with a standard deviation of 1.3°C for six batches of J1 cells. We again attribute this small difference to the earlier turnover (protein aggregation) in wild-type cells, which lowers the apparent denaturation midpoint.
T m of the thermal unfolding transition in J1 cells is only 40.8°C, about 4°C lower than in vitro by twostate fits. This is the opposite trend than in Fig. 2 . Thus, the hypothesis hold ups: pressure denaturation is less disruptive than temperature denaturation when compared in the same cytoplasm. The full story may be more complex, as was also seen for pressure denaturation in Fig. 2 : the in vitro trace in Fig. 3 shows a larger baseline between 27 and 35°C than in J1 cells. If this is an early transition to a folding intermediate, then the cytoplasm may actually stabilize the native state against such an intermediate, even though the final unfolding transition occurs earlier than in vitro. In that case, the cytoplasm appears to alter the energy landscape toward two-state folding for both pressure vs. thermal denaturation. Such an effect has already been observed for a different PGK construct in the mammalian endoplasmic reticulum, where folding is also more two state-like than in vitro [28] .
In addition, our FRET construct is destabilized in bacterial cells relative to mammalian cells, showing that stickiness prevails in the prokaryotic cytoplasm, but crowding prevails in the eukaryotic cytoplasm. The E. coli and mammalian cytosolic environment differs significantly [29] . It is worth noting that yeast PGK has more sequence similarity with mammalian PGK than with bacterial PGK. If PGK coevolved with its cytosolic environment, this could rationalize why our yeast construct is more stable in mammalian cells (both eukaryotic) than in E. coli cells.
The thermal destabilization vs. pressure stabilization of PGK in J1 strain relative to in vitro indicate that the two thermodynamic parameters temperature and pressure act differently on the cellular matrix and its interaction with PGK. In some cases in vitro, thermally and pressure-unfolded states of proteins are very similar [30] , whereas in others, they have different structure, with the latter generally retaining more residual secondary structure [31] . In our in-cell case, chaperoning or other intercellular interactions might have a preference toward binding one or the other of the unfolded states preferentially, altering its stability beyond simple crowding effects.
Change in colony morphology of pressurized MG1655 cells
We have already seen that aggregation is more prevalent in wild-type cells than in pressure-resistant J1 To test whether some wild-type cells could survive pressure cycling to 1700 bar as done in our experiment, we pressurized them repeatedly from the precycling generation C0 to the third generation C3. After every cycle (cells were ramped from 1 bar to 1700 bar over the course of about 1.5 h), viable colonies of MG1655 as well as J1 were obtained. The pressuretreated MG1655 cells of generation C1-C3 were plated and streaked on a LB+ Ampicillin plate along with the J1 and the C0 wild-type, as shown in Fig. 4 for C3. All these cells were grown for the same time and in similar conditions (48 h in an incubator at 37°C). We found that J1 cells always produced smaller colonies with sharper boundaries compared to C0. The C1-C3 cells derived from wild-type cells also had smaller colony size with sharper boundaries.
Thus, pressure cycling even 1-3 times can select a phenotype among MG1655 cells that differs significantly from the prevalent phenotype C0. A similar change in colony morphology has been seen previously when bacteria were subjected to pressure for extended periods of time [32] . However in our experiments, we did not observe significant changes in shape between MG1655 and pressure cycled MG1655 (Figs S4 and S5). Perhaps repeated pressure cycling, as might occur in food sterilization, could indeed select more pressureresistant phenotypes among wild-type cells. In addition, Aertsen et al. have observed upregulation of heat shock proteins [33] in pressure stressed MG1655 cells, indicating a broader role for DnaJ/DnaK in pressureresistance of cells. They confirmed this further by observing that heat shock makes MG1655 more resistant to subsequent pressurization, presumably because DnaJ/DnaK have been upregulated and are present in higher concentration to aid against pressure denaturation.
Our C1-C3 cells did not express appreciable amounts of AcGFP1-labeled PGK (low GFP signal), nor did they take up appreciable amounts of ReAsH dye (visible ReAsH aggregates were seen after incubation that were not normally present in other labeling experiments). The cells were, however, able to grow in the presence of ampicillin, and DNA sequencing of the GPGKtc plasmid from pressurized cells revealed that the plasmid was intact and not mutated inside the cells.
Conclusion
We have shown that pressure denaturation of PGK inside living cells can be added to the array of biophysical techniques used for in vivo characterization of protein stability. While AcGFP1/mCherry-labeled PGK did not express well in E. coli, possibly due to the size of the gene, AcGFP1-labeled PGK with a tetracysteine tag expressed well, and could then be labeled with ReAsH for FRET measurements. We find that (a) our PGK construct is less prone to aggregation in pressure-resistant J1 cells than in wild-type cells; (b) the E. coli cytosol stabilizes the native state upon pressure unfolding against either an unfolding intermediate or the denatured state (depending on the interpretation of the unfolded baseline in Fig. 2) ; (c) thermal and pressure denaturation produce opposite effects in bacterial cells; (d) bacterial cells thermally destabilized the eukaryotic PGK construct when compared to mammalian cells, which may reflect an adaptation of the eukaryotic protein surface to its intracellular environment in eukaryotic cells. 
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